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Reduced capillary density in the myocardium of uremic rats—A
stereological study. Using stereological techniques capillaries, intersti-
tium and myocardial fibers were analyzed in perfusion-fixed hearts of
subtotally nephrectomized male Sprague-Dawley rats with uremia of 14
months duration (or their sham-operated controls). Uremic rats had
higher systolic blood pressure (140 20.3 mm Hg vs. 119 6.61 mm
Hg) and left ventricular weight/body weight ratio (3.37 0.09 mg/kg vs.
2.01 0.12 mg/kg) than controls, and had slight anemia (Hct 35.0
3.16% vs. 40.4 3.3%). Length density (Lv) of capillaries, that is,
capillary length per unit myocardial volume, was significantly (P <
0.001) decreased in uremia (2485 264 mm/mm3 vs. 3329 194
mm/mm3) versus controls. In parallel, surface density and volume
density of the capillary lumina were also reduced (7.95 1.69 cm3/cm3
vs. 11.4 1.8 cm3/cm3) in the uremic rats. We conclude that in
experimental uremia, cardiac hypertrophy is not accompanied by a
commensurate increase in capillaries.
Cardiac problems are a major cause of morbidity and mor-
tality in the uremic patient [1, 2]. One striking clinical observa-
tion is that at least 30% of patients on dialysis who complain of
angina pectoris fail to have coronary lesions on angiography [3].
It has been proposed that this is explained by microcirculatory
disturbances caused by functional and/or structural abnormali-
ties in the capillary bed of the heart.
To further address this issue we examined capillaries in the
myocardium of chronically uremic rats, using stereological
techniques. Uremic animals were compared with sham oper-
ated, weight-matched control animals.
Methods
Animals
Male Sprague-Dawley rats (Ivanovas Co., Kissleg/Allgäu,
Germany), body weight 200 g, were divided into two groups
using random numbers. All animals were caged individually and
received pelleted Altromin Cl(xx) (Altromin Co., Lage/Lippe,
Germany) as well as tap water ad libitum.
Using random numbers, animals were subjected either to
two-step 5/6 nephrectomy as described previously [4] or to
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sham operation (decapsulation of the kidney), taking special
care that the adrenals were not damaged. Those animals oper-
ated on at the same time will later be referred to as concurrent
controls. Since at the end of the 14 month period of uremia
control animals were heavier than uremic animals, an additional
control group of male Sprague-Dawley rats was examined, the
body weight of which was comparable to that of the uremic
animals (later referred to as weight matched controls).
Blood pressure was monitored by tail plethysmography in
light ether anesthesia. Blood samples were taken at regular
intervals. Na, K, Hb and Hct were determined using an
Autoanalyzer technique. Plasma renin activity (PRA) was mea-
sured using test kit renin-MAIA (Serono Diagnostica Co.
Freiburg. Germany). The experiment was terminated 14 months
after subtotal nephrectomy.
Morphological techniques
Sample preparation. At the end of the experiment, the heart
was fixed by retrograde perfusion at a pressure of 110 mm Hg
[5]. Immediately after perfusion fixation the hearts were
weighed. After separation of right ventricle and preparation of
papillary muscle, each ventricle was weighed separately.
Afterwards, all left ventricular papillary muscles were ran-
domly cut into 200 m slices either longitudinally or trans-
versely with a tissue sectioner [6, 7]. Five transversely cut
slices and two longitudinally cut slices were randomly selected
for stereology. The tip of the papillary muscle (1 mm) was
discarded to avoid inclusion of the chordae tendineae. All
specimens were postfixed in ice-cold 3% glutaraldehyde for 24
hours, followed by 1% 0s04 for 30 minutes at room tempera-
ture and dehydration in ethanol before embedding in Epon-
Araldite. Semithin sections (1 m) were stained with methylene
blue and basic fuchsin [8] and were examined by light micros-
copy using oil immersion and phase contrast. Ultrathin sections
were stained with uranyl acetate/lead citrate and examined with
a Zeiss EM 10 electron microscope (Zeiss, Oberkochen, Ger-
many).
Quantitative stereology—Marhematical model. Five trans-
verse and two longitudinal sections of the papillary muscle were
used for analysis by light and electronmicroscopy, respectively.
Volume densities (V), that is, volume of the structure under
study (cm3) per unit tissue volume (cm3), were assessed by
point counting [91.
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Table 1. Blood pressure, heart weight and body weight in uremic rats
Systolic blood pressure mm Hg
Body weight (BW) g
Left ventricular weight (LVW) ga
Right ventricular weight (RVW) g
Ratio LVW/BW mglg
Ratio RVW/BW in gig_______
After perfusion fixation
Concurrent
controls
(N = 7)
119 6.61
549 73
1.10 0.15
0.25 0.03
2.01 0.12
0.45 0.06
Weight matched
controls
(N 8)
115 II 140 20.3
Difference (P)
uremia vs. concurrent
(or weight matched)
controls
Length density (Lv) of capillaries, that is, capillary length
(mm) per unit tissue volume (mm3), and surface densities (Sw),
of capillaries, that is, capillary surface area (cm2) per unit tissue
volume (mm3), were calculated according to Mall et al [5] and
Mattfeldt and Mall [7], respectively. Anisotropy, that is, lack of
homogeneous orientation of capillaries in space, was corrected
[5, 9, 10].
Sampling technique for stereological evaluation. The stereo-
logical sampling was performed using a multistage sampling
procedure.
Stage 1 (magnification 1000:1, light microscopy)
Five transverse and two longitudinal semithin sections per
animal were evaluated. Eight test areas per section (57600 m2)
were analyzed with a Zeiss eyepiece containing 100 points and
10 lines (total length: 900 .cm). Test areas were obtained by
systematic subsampling. The points were used for point count-
ing, and the test lines to obtain intersections with the capillary
profile boundaries. The latter were used to estimate the bound-
ary length of capillaries per unit sectional area (BA). Total
number of interstitial cell nuclei, total interstitial tissue and
myocardial cells were derived from counts using transverse
sections; L and Si,, of capillaries were derived from counts
using transverse and longitudinal sections. The reference vol-
ume was the total volume of the left ventricular papillary
muscle.
The number of profiles per unit transverse sectional area [QA
(a = 0)] and the number of profiles per unit longitudinal
sectional area [QA (a = IT/2)J were measured according to
Mattfeldt and Mall [7]. The QA (a = 0) values were multiplied
by a coefficient c1 (KL, a = 0) to correct for anisotropy. The
coefficient is derived from the ratio of capillary counts on
transverse (a = 0) and longitudinal sections (a = irI2).
Stage 2 (magnification 33200:1, electron microscopy)
Two ultrathin sections per animal were investigated by ana-
lyzing 10 test areas per section (20000 jzm2) with a Zeiss
eyepiece containing 80 points. Test areas were obtained by
systematic subsampling. Vs,, of myofibrils, sarcoplasm and
mitochondria was obtained from transversal sections. Refer-
ence volume was the total myocardial tissue of left ventricular
papillary muscle. For detailed analysis of interstitium two
ultrathin sections per animal were used. Ten areas were se-
lected by systematic subsampling and were divided into 16
smaller test areas each containing 80 points. Afterwards inter-
stitium was analyzed with use of area-weighted-sampling. Per-
Hct % 40.4 3.30 35.0 3.16 <0.05
PRA
ngimnli/ir 2.40 0.78 6.61 3.62 <0.001
Serum creatinine
nig/dI 0.64 0.07 1.56 0.40 <0.01
Serum urea
mg/dI 27.6 5.74 116 30.56 <0.01
Serum Na
rnmol/liter 143 2.68 131 1.04 <0.001
Serum K
,nmoliliter 4.61 0.34 4.67 0.85 NS
centage of interstitial cells, interstitial cell nuclei, endothelial
cells, endothelial cell nuclei and interstitial matrix was ob-
tained. Volume of reference was "true" interstitial tissue, that
is, interstitium excluding capillaries.
Statistical analysis
All data are expressed as X SD. Unbalanced analysis of
variance (Fisher) was used as well as Scheffé test and H-test
(Kruskal Wallis) as appropriate.
Results
Characterization of the animal model
After 14 months of uremia body weight was somewhat lower
in uremic animals compared with controls (Tables I and 2).
Uremic animals were hypertensive and had higher left ventric-
ular weight. The values for serum creatinine and serum urea
respectively were 1.1 0.3 mg/dl and 90 15 mg/dl at three
months, 1.3 0.4 and 99 40 at six months and 1.4 0.51 and
105 52 at nine months.
Stereologic analysis of myocardial interstitium
The capillary length density (Lv) was significantly (P <
0.001) reduced in uremic animals as were capillary surface
density (Sw) and capillary volume density (V) when compared
with either concomitant or weight matched controls (Tables 3
and 4). Reduced capillarization was evident even from qualita-
tive light microscopical examination (Fig. Ia, b). The "true"
interstitial volume, that is, total volume excluding myocardial
cells and capillary lurnina, was significantly (P < 0.001) in-
creased in uremic animals. Such expansion of the interstitium
Uremia
(N = 8)
<0.05
419 24.3 431 36.8 <0.01 (NS)
0.9 0.11 1.43 0.32 <0.05 (<0.05)
0.22 0.02 0.26 0.05 NS (NS)
2.14 0.2 3.37 0.99 <0.05 (<0.05)
0.51 0.51 0.60 0.13 <0.05 (NS)
Table 2. Biochemistry at the end of the 14 month observed period
Concurrent
control
(N = 7)
Uremia
(N =8) P
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Abbreviation is: V.,, volume density (volume of interest per unit reference volume).
concerned cellular and non-cellular components alike, and
volume density of interstitial cell cytoplasm was also signifi-
cantly higher in uremic animals. Figure 2 documents the mas-
sive deposition of collagen in the intermyocardiocytic space.
Suggestive evidence of activation of interstitial cells was pro-
vided by examining the ultrastructure of pericytes using elec-
tron microscopy. The cytoplasmic volume and the cytoplasm/
nucleus ratio of interstitial cells were significantly increased in
uremic animals (Table 4); the increase of nuclear volume was
not significant (Table 3). In endothelial cells the cytoplasmic
volume was significantly increased in uremic animals, but the
cytoplasm/nucleus ratio was not significantly different.
Stereological analysis on the ultrastructural level
In cardiomyocytes volume density of mitochondria, sarco-
plasm and myofibnls tended to be high, but the difference to
controls was not significant.
Discussion
Our present results obtained in animals with uremia of long
duration, 14 months, confirm previous studies in animals with
short term uremia in which cardiac hypertrophy, interstitial
myocardial fibrosis and activation of interstitial cells had been
found in previous studies (9). Uremic animals had cardiac
hypertrophy, i.e. the left ventricular weight/body weight ratio
was higher than in concurrent controls and even more so than in
weight-matched controls. In previous studies we had concluded
[11, 12] that blood pressure, at least as reflected by casual blood
pressure measurements, cannot be the only determinant of left
ventricular hypertrophy in experimental uremia; the same con-
sideration may also apply to uremic patients (13—15). The main
finding of our study is the observation that capillary length
density is decreased in uremic animals as is surface density of
capillaries. This indicates that myocardial capillary supply is
diminished. Capillary supply in uremic animals was lower when
compared with controls. Although the possibility that reduced
capillarization results from hypertension cannot be excluded,
we believe that it is unlikely. Capillary length density in the
present study was also significantly lower in uremic animals
than in a historical series [16] of nonuremic animals with
renovascular (Goldblatt) hypertension matched for blood pres-
sure or left ventricular weight, respectively (data not given).
Furthermore, the reduction in capillary supply of uremic ani-
mals contrasts with no change of capillary length density of
hypertensive animals in the study of Tomanek, Searls and
Lachenbruch [17], that is, L 3800 270 in SHR versus 3900
440 mm/mm3 in WKY. As it is evident by comparison with the
data in Table 5, the left ventricular weight in Tomanek's study
was also comparable with the present series. In a previous
study [18] we had found a tendency at best for diminished
capillary length density in the myocardium of severely hyper-
tensive animals. The striking reduction of capillary supply in
uremic animals underlines that in this condition reduced capil-
lary supply cannot be solely the consequence of blood pressure
Table 3. Stereological parameters (by light microscopy) in the hearts of uremic rats
Concurrent
controls(N = 7)
Weight matched
controls
(N = 8)
Uremia
(N=8)
Difference (P)
uremia vs. concurrent
(or weight matched)
controls
Capillaries
L mm/mm3 3329 194 3364 183.1 2485 264.1 <0.001 (<0.001)
S, cm2/cm3 564 31.2 554 29.9 392 45.6 <0.001 (<0.001)
Mean cross sectional area of 34.2 2.4 33.4 1.5 32.0 1.0 NS (NS)
Capillaries pm2
V,,, (cm3/cm3 x 102)
Capillary lumina 11.36 1.18 11.22 1.4 7.95 1.69 <0.001 (<0.001)
Myocytes 86.7 0.23 86.85 0.67 85.69 2.44 NS (NS)
True interstitium 1.92 0.43 1.93 0.54 6.36 2.89 <0.001 (<0.001)
Endothelial cell nuclei vol % 2.21 0.51 2.23 0.36 2.18 0.24 NS (NS)
Interstitial cell nuclei vol % 1.66 0.18 1.55 0.24 1.81 0.24 NS (NS)
Abbreviations are: L, length density (length per volume); S.,, surface density (surface area per volume); V,,,, volume density (volume of interest
per unit reference volume).
Table 4. Stereological parameters of the myocardial interstitium and the cell organells by electron microscopy
Concurrent Weight matched
controls controls Uremia
(N=7) (N=8) (N=8)
Difference (P)
uremia vs. concurrent
(or weight matched)
controls
V,, cm3/cm3 x 102
mitochondriaofmyocytes 25.1 1.0 25.7 1.5 25.4 3.8 NS (NS)
sarcoplasm of myocytes 7.0 1.7 5.7 1.5 7.7 4.6 NS (NS)
myofibrils of myocytes 68.0 1.6 69.4 1.8 66.9 5.2 NS (NS)
interstitial cell cytoplasm 0.42 0.13 0.26 0.1 1.88 1.35 <0.001 (<0.001)
endothelial cell cytoplasm 0.79 0.25 0.85 0.23 1.095 0.68 <0.001 ((0.001)
Cytoplasm/nucleus ratio of endothelial cells 0.36 0.1 0.38 0.1 0.5 0.14 NS (NS)
Cytoplasm/nucleus ratio of interstitial cells 0.25 0.08 0.17 0.08 1.04 0.2 <0.001 (<0.001)
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Fig. 1. Reduced capillary density in the
myocardium of a control (a) and uremic rat
(b). Light microscopic magnification 1,230:1.
Epon-Araldite semithin section (1 p). The two
representative sections illustrate the difference
in capillary surface density.
elevation. The observation of capillary abnormalities comple-
ments previous findings of ROssle [191, of Lagendorf and Pirani
[201 and of this laboratory [9, 121, indicating that cardiac
interstitium is abnormal in uremia. We do not assume that
generalized inhibition of capillary growth occurs in uremia. In
an ongoing study [21] on animals with extensive renal ablation,
we found an increase in glomerular volume. In parallel, length
density of glomerular capillaries and glomerular volume in-
creased also, indicating commensurate growth of capillaries
pan passu with adaptive glomerular growth. This illustrates that
diminished capillarization is not a general feature of the uremic
state and is perhaps unique to the heart.
In a previous study on the hearts of rats with long-term
renovascular hypertension, we noted an increase in capillary
tortuosity [161. This adaption of capillary geometry would
improve capillary supply. We emphasize that in our chronically
uremic animals, increased tortuosity, (neoformation of
obliquely running capillary branches) did not occur: C1 and k as
stereological indicators of capillary anisotropy were similar in
uremic animals and controls.
The relation between cardiac hypertrophy and capillary sup-
ply is complex. Whereas in cardiac hypertrophy from long-
standing hypertension capillary supply tends to be somewhat
reduced [5, 22, 23], capillary supply is even increased in other
.
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Fig. 2. Ultrastruciure of cardiac inlersi ilium.
Note massive collagen deposits between
capillary and muscle fibers. Electron
micrograph, magnification 25,000:1.
models of cardiac hypertrophy, such as after thyroxin treatment
and physical exercise.
Reduced capillary supply must lead to increased diffusional
distances in the heart. On the one hand it is known that cardiac
hypertrophy from pressure overload is associated with in-
creased myocardial fiber cross sectional area. Although this
index was not directly measured in the present study, it is
plausible to assume that the same holds true in uremia. Fur-
thermore, our data permit a calculation of the average intercap-
illary distance according to the formula of Henquell and Honig
[241. This formula yields an average intercapillary distance of
24.0 tm in control animals and of 30.0 m in uremic animals.
From both considerations, increased myocardial fiber area and
increased intercapillary distance, one would anticipate thai
oxygen supply of myocardial fibers is more readily compro-
mized in uremic animals.
Upon ultrastructural analysis endothelial cells showed no
qualitative structural changes, but the endothelial/capillary in-
terface per unit volume was reduced and endothelial cell
cytoplasm was increased. It appears rewarding to examine
whether endothelial cell-derived mediators of microcirculatory
flow, for example, endothelin and EDRF, are altered in exper.
imental uremia. An imbalance between endothelin and EDRF
might further contribute to compromized microcirculatory flow,
-
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L of capillaries mm/mm3
Systolic blood pressure mm Hg
Body weight g
Left ventricular weight g
Data are X SD.
a Present experimentb After Tomanek et al [171
Nephrectomy(N=8)
2485 264
140 20.3
431 36.8
1.43 0.32
vs. Controlsa
(N = 7)
3329 199
119 6.61
549 73
1.10 0.15
SHR
(N =7)
3800 270
178 16.2
370 54
1.01 0.22
vs. WKYb
(N =5)
-
3900 440
128 17.6
439 33
0.88 0.066
apart from the above structurally based abnormality of capillary
supply. Another possibility would be the interference with
microcirculatory flow by endogenous inhibition of nitrate va-
sodilators.
In the present study we found no change in the fractional
volume of interstitial cell nuclei despite the presence of inter-
stitial fibrosis and interstitial accumulation of collagen. This
further corroborates our previous conclusion [121 concerning
the genesis of interstitial fibrosis. We had postulated that
activation of preexistent interstitial cells (rather than mitotic
events with an increase of the number of interstitial cells) play
a major role.
We conclude that in uremic animals, capillary supply does
not keep pace with the development of cardiac hypertrophy. To
the extent that these findings in experimental animals can be
extrapolated to uremic patients, the observation could provide
one explanation for the clinical findings at least in some uremic
patients of reduced coronary reserve and myocardial ischemia
in the absence of stenosing lesions of the epicardial conduit
arteries [1, 31.
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Appendix. Abbreviations
BA: boundary length of capillary profiles per unit sectional
area
KL: anisotropy constant for structural elements, such as,
capillary length
c: correction coefficient for anisotropy
Lv Length density, that is, length of a structure per unit
reference volume (mm/mm3)
QA: Numerical density, that is, number of structures of
interest per unit reference area (1mm2)
Vv: Volume density, that is, volume of structures of
interest per unit reference volume (mm3/mm3)
S: surface density, that is, capillary surface area per unit
reference volume (mm2/mm3)
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